The 4S [1/2]0 → 4P [3/2]1 transition of Ar(I) in a facing target sputtering chamber is measured using a Ti:sapphire ring laser at several operating conditions. Doppler width and line intensity are determined by analysis using the Voigt function. The thermodynamic temperature determined from the Doppler width increases linearly with discharge current and gas pressure. The population density from the line intensity is reduced to the reference temperature obtained by interpolating the discharge current to zero. The empirical relationship to describe population density at a discharge current and a gas pressure is discussed.
Introduction
Recently, there has been considerable interest in facing target sputtering (FTS), which enables high deposition rates without substrate heating, and is therefore useful for deposition on organic thin films. Organic light-emitting devices (OLEDs) have attracted much attention as promising next-generation flat-panel displays. Uchida et al. fabricated transparent flexible OLEDs on a plastic film substrate [1] . Hoshi et al. reported that bombardment of the substrate by high-energy particles and secondary electrons can be suppressed completely by means of FTS methods [2, 3] .
Although the thermodynamic temperature of the gas in a sputtering chamber is important to the success of sputter deposition on films, it is difficult to measure the gas temperature. A number of researchers attempted to perform plasma diagnostics using a spectrometer, but to the best of our knowledge, the temperature and density of the gas in an FTS system have not been investigated in detail. In general, particle temperature and density are determined by measuring linewidth and intensity [4, 5] . However, the absorption or emission lines in a sputtering chamber are deformed by the Zeeman effect and the limit of the resolving power of the spectrometer, which make it difficult to determine the temperature and density of the particles.
Absorption spectroscopy using a tunable laser is useful from the viewpoint of resolving power and polarizing characteristics. FTS offers several advantages over conventional magnetron sputtering, because the magnetic field is homogeneous and the plasma region is confined * corresponding author; e-mail: yyasuda@seit.t-kougei.ac.jp between the targets. Argon is commonly used as the sputtering gas. Many electronic transitions in the near infrared wavelength region are reported with physical constants [6] .
We selected, as a first approach, the Ar(
. It has only one Zeeman component, M J = 0 → 0, when the polarization axis of the laser beam is parallel to the field axis. A Voigt line profile was used for the analysis; the Doppler width and line intensity were selected as fitting parameters. The density of the metastable state 4S [1/2]0 was calculated from the line intensity and reduced to that at the reference temperature obtained by interpolating the discharge current to zero. This procedure is useful for eliminating the temperature variation that accompanies changes in discharge current and sputtering gas pressure. The reduced densities thus obtained offer an important physical quantity for plasma dynamics.
Experimental setup
The FTS chamber is shown in Fig. 1 . Two sputtering titanium targets are arranged facing each other. A static field of about 500 G (measured by Gauss meter) is generated by NbFeB magnets inside the targets.
The diameter of the targets that are cooled by water is 50 mm. The gap between them is 80 mm. The gas pressure of Ar in the chamber is maintained in the range 2.0-20 Pa; the background pressure is below 1.3 × 10 −4 Pa. Glow discharge is produced by a DC source at a current in the range 1-400 mA. The diameter of the plasma region confined by the magnetic field is around 80 mm. A White-type optical pass is arranged to obtain a longer absorption pass length of 320 mm. The silica windows are tilted with respect to the laser beam at a Brewster angle to reduce reflection loss. The optical and electrical system is shown in Fig. 2a . A CW Ti:sapphire ring laser (Coherent 899-21) pumped by a YAG laser (Coherent Verdi-V8) is used as a radiation source. The laser wavelength is measured using a wavelength meter (Burleigh WA-1500) and the fine frequency is tuned using a triangular wave generated from a D/A converter. Spectra are recorded for the fringe signals of 0.010 cm −1 spacing generated by a confocal Fabry-Perot interferometer of 250 mm length with polarization parallel to the magnetic field. The laser beam is divided into three beams using beam splitters: the first (thick dotted line) is for pumping, the second for probing the spectral line, and the third for reference to calibrate power change in the tuning range. 
Results and discussion
To investigate the saturation effect on line intensity and linewidth, we attenuated the input power by varying attenuator 2 from 5 to 10 µW. The line profile is commonly given by a Voigt function [7] 
where G(ν , ν 0 ) is the normalized Gaussian function, ν 0 is the line center, and L(ν , ν) is the normalized Lorentzian, and S is the line intensity (in cm −1 ) for cell length L. The Lorentzian half width at half maximum (HWHM) is ∆ν L = Γ /2 + γ c , where Γ is the natural width and γ c is the collisional broadening width. Because the latter is considered to be very small, γ c can be ignored. We considered ∆ν L to be 1.2 × 10 −4 cm −1 , as calculated from the lifetime of 4P [3/2] . The Gaussian HWHM ∆ν D and S were determined using least-squares fitting, where ∆ν L was fixed to the value given above to eliminate correlation with S. The sweep axis agreed with those obtained within experimental uncertainty.
First, we calculated the gas temperature from the Doppler width using the relationship δν D = 7.16 × 10 −7 ν 0 (T /M ) 1/2 given in Ref. [7] . The results are shown in Fig. 3 . The experimental conditions were as follows: operational discharge currents, 1-400 mA; gas pressure, 1.3-6.7 Pa. The gas temperature increases linearly from 297 to 460 K with increasing discharge current. The temperature T (P , I) can be described by the first-order equa-
T (P, I) = a 00 + a 10 P + a 01 I + a 11 P I. The parameters for Eq. (3) are listed in the Table. a 00 is the gas temperature at zero current taken to be the reference temperature T 0 = 294 K. Next, we calculated the population density N (P, I) of the 4S [1/2]0 state from line intensity S using the relation [8] 
where L is the cell length and f is the oscillator strength [6] . We reduced the atomic density
to the reference temperature by multiplying it by the factor (T /294), where T is the temperature shown in Fig. 3a .
The change in reduced population density N (T 0 , P , I) with current is shown in Fig. 3b . The slope δN /δI ∝ P and the intercept are constant. N (T 0 , P, I) can be expressed by the polynomial
We used least-squares fitting to determine the parameters A ij . The results for the first six parameters are listed in the Table. By joint analysis with Eq. (3), we obtained a simple relation for population density at discharge current I and gas pressure P
where the error in constant a 00 can be determined from the estimation of collisional width and results in an error for A 00 , while the other constants are based on I(ref, ν), I(100%, ν) and the linearity of the frequency sweep.
Conclusion
We demonstrated the utility of high-resolution laser spectroscopy for determining FTS sputter gas temperature and density. Disturbance from the static magnetic field is eliminated by choosing the transition ∆M J = 0 and J = 0 ↔ 1. The thermodynamic temperature of the 4S [1/2]0 state is determined from the Doppler width at a discharge current in the range 1-400 mA and a gas pressure in the range 1.3-6.6 Pa. Obtained population densities are reduced to the reference temperature, which is related to discharge current and gas pressure by an empirical equation.
